Improving air quality across mainland China is an urgent policy challenge. While much of the problem is linked to China's broader reliance on coal and other fossil fuels across the energy system, road transportation is an important and growing source of air pollution. Here we use an energy-economic model, embedded in a Regional Emissions Air Quality Climate and Health (REACH) integrated assessment framework, to analyze the impacts of implementing vehicle emissions standards (ES) together with a broader economy-wide climate policy on total air pollution in five species and 30 Chinese provinces. We find that full and immediate implementation of existing vehicle ES at China 3/III level or tighter will significantly reduce the contribution of transportation to degraded air quality by 2030. We further show that road transport ES function as an important complement to an economy-wide price on CO 2 , which delivers significant co-benefits for air pollution reduction that are concentrated primarily in non-transportation sectors. Going forward, vehicle emissions standards and an economy-wide carbon price form a highly effective coordinated policy package that supports China's air quality and climate change mitigation goals.
Introduction
Air quality is exacting a rising toll on human health and quality of life in China. In response, a broad variety of policy measures have been announced, and some enacted -these include increasing monitoring and reporting to understand the scope and spatial/temporal nature of the problem; setting technology standards; assessing fines and pollution charges; and directly influencing the economic activities of which pollutants are a byproduct.
Transportation is the target of an important subset of these policies. Fossil fuels (gasoline and diesel) burned in road vehicles (cars, trucks, buses, taxis, etc.) result in direct emissions of pollutants, including those listed in Table 1 . These direct emissions combine with emissions from other large combustion sources -especially electric power plants and industrial facilities -to affect ambient concentrations of pollutants such as fine particulate matter (PM 2.5 ) and ozone (O 3 ), which in turn impact human health.
Transportation sector policies -summarized in Section 1.1 -include standards regulating the allowable tailpipe emissions of specific pollutants from new private passenger vehicles ('light-duty' vehicles, or LDVs) , and heavy-duty vehicles (HDVs) including light-, medium-and heavy trucks for freight transport, and buses for passenger transport. These standards may be set to promote installation of specific technology, such as diesel particulate filters, for compliance. Impurities in gasoline and diesel fuel are also regulated, to ensure that these emissions control technologies (ECTs) can function. Collectively, we refer to the combination of road vehicle tailpipe and fuel quality standards as ''emissions standards" (ES).
At the same time, China's broader climate and energy policy agenda has important implications for air quality. The US-China Joint Announcement on Climate Change in November 2014, and China's subsequent pledged contribution to global climate mitigation efforts, target a reversal of rising CO 2 emissions by 2030 at the latest. Achieving this goal will require economy-wide policies that price CO 2 emissions through taxation or permits, which are currently being piloted in some regions and expected to be enacted nationwide within the next few years. Climate policy and vehicle emissions policies will both act on the energy and transportation systems, with important implications for future air pollution emissions and air quality outcomes.
To better understand how these policies will act together to affect future air pollution in China, we develop an integrated energy-economic modeling framework and study the interaction of road transportation emissions standards and an economy-wide CO 2 price.
Main findings. We find that ES are projected to be highly effective in reducing the total quantity of emissions from road vehicles, despite rapid growth in transportation activity to 2030 -especially when these policies are deployed and, importantly, enforced in an accelerated manner nationwide. This deployment will be important as the demand for passenger and freight vehicle travel grows, and with it the energy use associated with pollution emissions.
We further find that emission standards and economy-wide climate policy are complementary, in that they target the largest sources of primary pollutant emissions in a harmonious and non-competitive manner. Climate policy reduces CO 2 in sectors where the marginal costs of abatement are lower and delivers substantial co-benefits in the form of air pollution reduction. Since these least-cost opportunities for CO 2 abatement are mainly outside of the transportation sector, technology standards (including ES) that directly target pollution in the transportation sector deliver a significant additional contribution to reducing air pollution. Thus, a CO 2 price plus vehicle emissions standards function as effective and complementary coordinated strategies for addressing air pollution and climate change in China.
An integrated assessment framework for Chinese air quality. Integrated assessment supports the evaluation of policy by allowing comparison of policy-related changes in economic activity (i.e., costs) with the benefits of avoided economic burden of pollution. This research documents part of a Regional Emissions, Air Quality, Climate and Health (REACH) integrated assessment framework (Fig. 1) , developed to quantify the human health impacts of Chinese air quality policies.
In particular, we document the first two steps in the framework. In step 1, policy affects future economic activity, including transportation, and associated energy use, within a general equilibrium framework. For this purpose, we extend the China Regional Energy Model (C-REM), as described in Section 2.1. In step 2, energy use and future, energy-denominated emissions factors derived from detailed emissions inventories and policy scenarios lead to quantified changes in emissions of primary pollutant species (Table 1) from transportation and other energy uses.
In atmospheric simulation (step 3), policy-related reductions in primary pollution, through modeled meteorology and chemistry, yield projected changes in the concentration of secondary pollutants (including fine particulate matter, PM 2.5 , and tropospheric ozone,O 3 ) which reflect the spatial movement of species. Finally (step 4), reductions in populationweighted exposure to PM 2.5 and O 3 are translated to reductions in adverse human health effects, using future population densities and China-specific exposure-response relationships. Consequent changes in labor lost to illness and health-care expenses determine the change, due to policy, in the economic burden of pollution. These latter two steps are the subject of ongoing work, and are not discussed in the present study. Table 1 Primary pollutant species in this analysis, and other species included in the Regional Emissions in ASia (REAS) database, version 2.1 (Kurokawa et al., 2013) , used as the basis for emissions projections in this study. 'VOCs' are volatile organic compounds.
Name
Chemical formula China's national standards mandate the levels given in Table 2 for emissions from LDVs and HDVs, and in Table 3 for the presence of sulfur in fuels. Future national standards are specified, with target dates for full implementation. Some provinces have sought approval to proceed with earlier implementation of these standards. This permission is granted partly on assurances that fuel providers will be able to supply cleaner fuels that will not degrade the ECTs implied by the standards.
Finally, a variety of common and idiosyncratic local policies also aim to reduce emissions from road vehicles. These include, include other measures, prohibiting driving by some or all vehicles on certain days, accelerated retirement of older vehicles that have higher emissions or are non-compliant with recent ES, limiting the number of vehicles owned, and promoting the adoption of New Energy Vehicles (alternative fuel vehicles, such as battery-electrics).
Climate & energy policy. Climate and energy policies in the broader economy are another class of measures which can reduce emissions of the pollutants that contribute to poor air quality. Similar to transport-sector policy, these change the amount or type of energy used, or the amount of pollution emitted per unit energy. Section 2 describes in more detail how these changes contribute to reductions in total emissions.
Prior research
Integrated asssessment of policy co-benefits. The phenomenon of air pollution co-benefits of climate and energy policy has been long recognized and studied, including in Europe (van Harmelen et al., 2002; Nam et al., 2010; Rive, 2010) and more recently in China (Aunan et al., 2004; Nam et al., 2013) . In particular, Nam et al. (2014) applied economywide, general-equilibrium models to compare the potential co-benefits in the U.S. and in China, in light of contrasting energy systems, and the stringency of existing control measures.
Air pollution from the transport sector. For assessment of pollution and health impacts within the transport sector, Yang and Ling-Yun (2016) modeled individual Chinese provinces as independent economies, using regression models and ''pollution elasticities" to estimate health effects under future fuel price scenarios. Ling-Yun and Lu-Yi. (2016) took a similar approach for the country in aggregate, but studied instead the effect of mode shifts. used provincial-level modeling to assess emissions control policies 1998-2013, concluding that continued growth from heavy-duty (especially diesel) vehicles and enforcement of type approvals were areas of key concern. On the side of fuel quality, Yue et al. (2015) sampled fuels at about 60 sites in 2010-2011, discovering significant variation and exceedances, and suggested policy adjustments to promote compliance. Guo et al. (2016) compared the projected effects of four transport-sector policies applied to the Beijing-Tianjin-Hebei (or Jing-Jin-Ji, JJJ) region, including accelerating the adoption of ES; and similarly designed strategies for cities in the Yangtze River Delta. Lang et al. (2012) studied JJJ retroactively for the period 1999-2010, noting that increases in freight traffic were related to increases in transport NO x and PM 10 emissions even as other species decreased. Wang et al. (2010) developed 1995-2005 inventories of vehicle emissions for the large cities of Beijing, Shanghai and Guangzhou. Lu Emissions from vehicles and uncertainty in inventories. Emissions from road vehicles have been studied by a variety of methods. Following in-use vehicles on actual roads with specialized instruments, Huang et al. (2016) measure the emissions from bi-fuel vehicles, while Zheng et al. (2015) present an instrument and drive-cycle methods focused on black carbon (BC).
For inventories of total, rather than specifically transport, emissions, studies such as Hu et al. (2015) , use such direct measurements and bottom-up accounting to drive emissions inputs to atmospheric simulation models, aiming to reproduce changes in observed secondary air pollutant (i.e., PM 2.5 and O 3 ) concentrations. Cheng et al. (2013) developed a hybrid approach incorporating ground monitoring data, focusing on Beijing only. Miyazaki and Eskes (2013) used satellite measurements and assimilation techniques to constrain the estimates of Kurokawa et al. (2013) (the REAS inventory used in the present study). developed a bottom-up inventory for VOCs only at the province level, including the contribution of road vehicles. Hong et al. (2016) focus on the contribution of uncertainty in energy statistics to bottom-up methods, finding high ratios of maximum discrepancies to mean values-for instance, the total 2012 inventory of SO 2 emissions may vary up to 30%, and NO x by 16.4%, due to energy use uncertainty alone.
Finally, Xia et al. (2016) combined satellite data with bottom-up estimates to assess the effects of industrial-and powersector policies during the 11th (2006 -2010 ) and 12th Five-Year Plan (2011 periods, noting the growing contribution over this period of NO x from transportation.
In terms of assessing past and future changes in transport activity -due to both growth, and policy -prior studies have focused on different geographies or aggregations, transport modes, policies, and modeling methods, yet have generally said little about the relationship with policies not focused on the transport sector. Conversely, examination of the co-benefits of climate policy has tended to focus on economy-wide impacts, or comparison with specific measures in the power-and industrial sectors, rather than the transport sector. The present work bridges this gap by providing methods for assessing both the climate policy co-benefit of air pollution reduction, and road transport emissions reductions due to ES, in a consistent, economy-wide framework.
In doing so, we note that researchers continue to work to resolve the uncertainties in the history and current state of vehicle tailpipe emissions. These are relevant to our method for deriving transport-subsector-specific emissions factors from a database (Kurokawa et al., 2013) that also covers the non-transport sectors where climate policy co-benefits also arise; a matter taken up further in Section 2.2.
Policy scenarios in this study
To investigate the contribution of road transport emissions standards to reduced pollutant emissions, their impacts can be compared with the size and distribution of impacts from current and more stringent climate policies, and also with the impacts of both types of policy implemented in concert. For this purpose, our analysis employs five model configurations, labeled A through E. Fig. 2 shows these scenarios arranged along dimensions of increasing ES stringency, and increasing stringency of CO 2 policy. The policies implemented are as follows.
A. No Policy. Pollutant emissions from all sectors, including transportation, remain the same per unit of fossil energy consumed, as they were in 2007, the base year for the C-REM and this analysis. As energy demand grows in projections, associated pollutant emissions grow at the same rates. We also adopt the mild, autonomous reductions in energy-basis emissions factors in non-transport sectors developed by Li et al. (2014) , representing the impact of learning-by-doing 1 and capital turnover. 2 The representation of these effects, which occur even in the absence of direct policy on emissions or policy co-benefits, is further described in Section 2.3. B. Established Policies. All new road vehicles and fuels meet the China 3/III standards, so that the entire fleet converges towards this standard over time as older, dirtier vehicles are retired. In regions which have already committed to introducing vehicles cleaner than China 3/III in the near future, these lower emissions levels are used instead. In addition, a small, gradually-rising, economy-wide CO 2 price promotes energy intensity improvement and fuel switching to reduce CO 2 emissions. The price is RMB 30 (USD 3.1, in 2007 currency) in 2015, and rises 4% per year to RMB 45 (USD 5.7) in 2030. This instrument is used to model the combined effect of China's prior and established national and regional energy-and carbon-intensity targets and other direct policy measures affecting the broader economy. As a result of the energy system changes induced by the CO 2 price, there is a co-benefit of pollutant emissions reductions in these sectors, mainly through the displacement of coal. See Section 2.4 for a description of co-benefits. C. Stringent ES. More stringent tailpipe emissions and fuel quality standards are introduced, reaching China 6/VI nationwide for all vehicles introduced from 2015. The CO 2 price is the same as in Scenario B. D. Climate policy. A CO 2 price that is larger and rises more quickly, causing more rapid change in emissions across the entire economy. This price is consistent with the Continued Effort scenario of , in which economy-wide CO 2 emissions stabilize between 2035 and 2045, and reaches RMB 200 (USD 26) in 2030. Road transport ES are the same as in Scenario B. E. ES and climate policy. The combination of the stringent ES from Scenario C, and the higher CO 2 price from Scenario D.
Comparison of Scenarios A and B illustrates how much established policies (in place prior to the introduction of the new nationwide China 4/IV standard) are expected to reduce pollutant emissions, compared to a future where transportation energy use has the same air pollutant emissions intensity as in 2007. Comparing Scenarios B and C illustrates the impact of accelerating road transport policies under the same CO 2 price. Comparison of Scenario B with Scenarios C, D and E illustrates the relative size and distribution of benefits from more stringent road transport policies compared to climate policy, and also the combined effect of the two.
Methods

China Regional Energy Model
We employ the C-REM, a multi-sector, multi-region, recursive-dynamic computable general equilibrium (CGE) model of the global economy, with provincial detail in China. The model has 30 regions within China and four international regions (see Table 4 ); the economy is represented in 14 sectors (see Table 5 ).
The C-REM projects output from each sector of each province, as well as trade and final demand (consumption), in value units, every five years to 2030. A complete description of the model is given by Zhang et al. (2013) . To summarize, economic demand (i.e., in units of real value, e.g. dollars) for energy goods is associated with physical quantities of energy consumed, and demand for transportation services is associated with passenger distance traveled or freight volume. Kishimoto et al. (2015) discuss in detail the disaggregation of the transportation services sector, with the production structure shown in Fig. 3 . Freight and passenger services are separated, each with road (denoted FR and PR, respectively) and non-road modes (FO, PO), as well as household vehicle transportation (HVT, representing privately-owned light-duty vehicles) following the method of Karplus et al. (2013) . In total, then, there are five transport subsectors, of which three are road transport subsectors.
The base-year energy data in the C-REM supplemental accounts are derived from the China Energy Statistical Yearbook (National Bureau of Statistics of China, 2008); thus the use of refined oil, coal, natural gas and electricity by the commercial transport sector of each province reflects the flows into such sectors in the adjusted official statistics, and the household or 1 Firms have a direct incentive to improve the efficiency of their production processes, thereby reducing costs. These improvements can have the side effect of improving energy efficiency or reducing pollution.
2 Industrial equipment has a finite lifetime and must be periodically replaced. New, replacement equipment is often more efficient, requiring less energy or producing less emissions for the same value of production. final consumption of gasoline and diesel fuels is the energy supply for HVT. In the general equilibrium setting, households (firms) adjust the share of their total consumption (intermediate inputs) devoted to purchase of passenger (freight) transport services, given changing prices relative to other goods. Households additionally substitute PR for HVT at a calibrated price elasticity, and within the latter (Fig. 3 , bottom) substitute more expensive and efficient powertrain capital for fuel consump- Bottom: households' consumption contains passenger transport, which involves a bundle of commercial passenger transport and own-supplied, household private vehicle transport. The latter is produced by households themselves, using fuel and vehicles; vehicle purchases consist of inputs from the manufacturing and service sectors (Kishimoto et al., 2015) .
tion. This substitution represents the option to improve fuel economy. The C-REM currently represents only refined oilfueled private vehicles, since the 2007 share of electricity in household vehicle fuel purchases was small. To represent the effects of the emissions policies described in Section 1.1, we expand the physical accounts of the model to include primary pollutant species from the Regional Emissions in ASia (REAS) database, version 2.1 (Kurokawa et al., 2013) : black carbon (BC), carbon monoxide (CO), nitrogen oxides (NO x ), organic carbon (OC), and sulfur dioxide (SO 2 ). Primary pollution is modeled as a byproduct of either combustion of fuels to produce energy, or of industrial or technical processes. We aggregate emissions from the REAS combustion and non-combustion sectors to C-REM sectors and REAS fuels to C-REM fuels, in order to associate emissions of each species with individual C-REM sectors, provinces, and energy sources. This connection is made by calibrating energy-basis emissions factors (EFs) using the base-year (2007) energy statistics contained in the supplemental accounts of the C-REM, as shown in (1) 
In the model base year (t ¼ 2007), the EFs are a result of the calibration to REAS; in projected periods (t ¼ 2010 . . . 2030), the product of an emissions factor and the C-REM projected demand for energy gives the quantity of emissions for each p; f ; i (including the transport subsectors) and r.
Emissions factors: transport subsectors
To determine future emissions from the C-REM road transport sectors (freight road or FR, passenger road or PR, and household vehicle transport or HVT), we determine energy-basis EFs, in mass of pollutant emitted per unit fuel energy consumed, and apply these to the C-REM projection of fuel energy consumption in these sectors. As a result of the calibration described above, the 2007 EFs exactly reproduce the 2007 REAS v2.1 emissions inventory.
In future periods, we make use of the detailed, bottom-up engineering model of Akerlind (2013) . This model tracks the number of Chinese vehicles in detailed categories by year of manufacture, representing the scrappage (conversely: survival) rate of older vehicles, improving fuel economy, and annual driving distance differences between newer vehicles. The fleet model also accounts for fuel demand using these highly disaggregate categories; newer vehicles' driving activity is associated with a greater fuel economy.
We use the engineering model to determine the portion of fuel energy demand attributable to vehicles which are ''new" since the prior C-REM period. For instance, in the C-REM forecast year 2010, this is the sum of fuel energy demand, in 2010, by vehicles from model year 2010, 2009, or 2008 . The remainder of C-REM fuel energy demand in 2010 is associated with vehicles sold in 2007 or earlier.
Fuel demand from new vehicles is associated with the EFs required by the specific levels of Chinese ES in each scenario. The remaining fuel demand, associated with pre-existing vehicles, retains the EF of the previous period-in 2010, this is the 2007 REAS/C-REM calibrated EF, or in 2015 or later, the energy-weighted average across new and used vehicles in the previous period. Thus, policy which reduces emissions in new vehicles relative to Scenario A also reduces the emissions associated with the fuel demand of vintage (used) vehicles in subsequent C-REM periods.
China's emissions standards, like the Euro standards on which they are based (e.g., Directives 91/441/EEC and 91/542/ EEC, for Euro I/1 respectively) specify distance-basis, rather than energy-basis, EFs for new vehicles. To determine energybasis EFs, we use the on-road measurements of . For future Chinese standards (China 5/V and 6/VI), we assume the on-road emissions levels will be in the same proportion to China 4/IV as the regulated levels are to the China 4/IV regulated levels. For PR and HVT, we use the figures for light-duty gasoline (passenger) vehicles, and to represent the average FR vehicle, we use the figures for medium-duty diesel trucks. Fig. 4 shows these levels, and the resulting energy-weighted average EF across the combined fleet of new and old vehicles, for one example combination of fuel, primary pollutant species and transport subsector: NO x from refined oil combustion in the HVT fleet. In the no-policy Scenario A, the REAS 2007 EF is used unchanged throughout the projection. Table 6 gives values across provinces for 2010, 2015 and 2030 and all species.
Because there is a base-year calibrated EF for each species and province, the relative improvement in EF due to the introduction of lower-emission vehicles differs province-to-province, and species-to-species. Absent any difference in standards or enforcement across provinces, EFs would eventually converge to the same level in all provinces, as today's heterogeneous provincial vehicle stocks are scrapped and replaced by vehicles with identical emissions characteristics. In our projection, this occurs near the very end of the C-REM forecast period -see Fig. 5 .
Emissions factors: non-transport sectors
Energy-basis emissions factors for all sources are applied to the non-transportation sectors to obtain a complete picture of economy-wide emissions, as described in Li et al. (2014) . Model base year (2007) EFs are calibrated, as in transportation, to reflect the total energy demand in the C-REM supplemental accounts and quantities in the REAS database. EFs undergo an exogenous, exponential decline, calibrated to reflect observations in 2010 and 2013, using the method of Webster et al. (2008) . The exogenous decline in these EFs represents the continuing effect of non-market policies and actions by firms which-for instance-will retire older equipment and replace it with new equipment which produce less emissions in operation (capital turnover); or implement efficiency improvements in production processes that also reduce pollution intensity (learning-bydoing). These trends are assumed to be independent of any CO 2 price applied to fossil fuel use in these non-transport sectors; the CO 2 price reduces emissions not by altering EFs, but by incentivizing low-carbon activities that also have lower emissions intensity, as described in the next section.
Policy mechanisms & effects
Economy-wide climate & energy policy. Climate policy, in a CGE model such as the C-REM, signals sectors and households via changes in energy prices in proportion to CO 2 content, prompting these actors to respond with energy intensity improvements and input substitution to reduce CO 2 emissions. This economic response can include reductions in energy demand and switching to low carbon fuels, which may also reduce air pollution in addition to CO 2 , in proportion to differences in EFs between the energy goods that are substituted or reduced. Individual sectors in individual provinces -including electricity generation, industry, and the commercial transport subsectors -may perform these adjustments with more or less ease; as welfare is maximized subject to the CO 2 price, the sectors with lower-cost abatement opportunities will contribute larger reductions in CO 2 .
Climate policy also has indirect impacts on the road transport subsectors, in two ways. First, freight transport demand arises because other sectors need to move their raw materials or finished goods to and from markets. Because a climate policy may cause each sector to increase or decrease production, freight transport demands will also change, affecting the overall level of freight transport activity, energy consumption, and pollution. Second, households use their income to purchase passenger transportation services, private vehicles, and fuel. Changes in household income mean more (due to economic growth), or less (due to stringent policy) income is available for these purchases. This, in turn, affects passenger transport demand, energy use, and pollution. Both of these indirect effects are captured by our model.
Road transport emissions standards. We model policy measures specifically aimed at reducing EFs more rapidly than they would decrease in the absence of regulation -in particular, road transport fuel quality standards and tailpipe emissions standards. The calibrated base-year EFs displayed in Table 6 vary widely -by an order of magnitude for BC, CO and NO x from household vehicles -reflecting province-to-province variation in the emissions attributed to road vehicles (in the REAS v2.1 inventory), and the amount of energy used in household and commercial road transportation (as reflected in the official energy statistics underlying C-REM). As a result, the relative improvement in EF and in total emissions of each species due to the introduction of lower-emission vehicles differs province-to-province, and species-to-species.
Results
In Scenarios B and C, the small emissions price causes total economy-wide CO 2 emissions to decrease by about 5%, from 14.7 Gt to 14.2 Gt in 2030; in Scenarios D and E, emissions are 11.9 Gt CO 2 in 2030. Fig. 6 gives an overview of the effects of established emission standards in the model projection, comparing Scenarios A and B in national totals and four selected provinces with distinct mixes of household vehicle, commercial passenger and freight road transport. Despite compound annual growth of 7.5% in transportation energy demand (rates vary between 4.5-9.9% across provinces) between 2010 and 2030, established polices reduce total national road transport pollution emissions to between 2% (in the case of OC) and 0.04% (CO) of their 2007 levels (Scenario B vs. Scenario A); a decrease of 2-4 orders of magnitude. In Scenario B, this decrease occurs by 2025 when (cf. Fig. 5 ) high emitting vehicles of 2007 and earlier model years have been entirely retired from the fleet. After this point, emissions in some regions and species exhibit a slow growth, in line with increases in transport demand and energy use. Fig. 7 illustrates the same baseline growth (bars labeled ''2007?2030") , and reductions (labeled ''2030 A?B") in a linear, rather than logarithmic scale. Further reductions occur in Scenarios C and E. A contrast is visible between percentage changes (due to growth, or policy) and the absolute change in total road transport emissions measured in annual tonnes.
Road transport emissions standards
If fully implemented, established policies will do most of the work; the continued sale of China 3/III vehicles alone will significantly reduce emissions in 2030, compared to a mix of vehicles like those in use in the model base year. For instance, despite a 277% growth from 2007-2030 in OC emissions from road transport, the full deployment of China 3/III vehicles results in a 99.45% decrease from this no-policy counterfactual to about 0.4 kt in 2030, much lower than the REAS 2007 reference value of 99.4 kt. Future standards (China 6/VI) further reduce EFs by roughly an order of magnitude in 2030 (labeled ''B?C" in Fig. 7; cf. Fig. 4 ). However, these translate to a smaller reduction in absolute road transport emissions, because they act on a base already rendered small by the adoption of China 3/III. The percentage reductions due to moving from China 3/III to China 6/VI (Scenario B?C) are between 58% (CO) and 91% (OC).
Finally, Fig. 8 illustrates that in 2020 in the significant impact of China 3/III is already visible; however, because of the remaining share of non-China 6/VI vehicles present at 2020 in Scenario C (compare Fig. 5 ), the reductions compared to Scenario B are smaller.
Provincial variation in reduction sources
ES impacts differ across provinces due to underlying differences in their transport systems. Across China, road freight transportation is a larger consumer of energy (3.06 EJ in 2007) compared to the combination of private and commercial passenger transport (1.63 EJ together in 2007) -yet, depending on the species, its contribution to total pollution in the REAS inventory is larger (0.6% compared to 0.03% of SO 2 ) or smaller (3.3% compared to 15.6% of CO) than those of other modes. Fig. 9 shows that additional 2030 emissions reductions due to increasing stringency of ES from China 3/III to China 6/VI (Scenario B?C) are contributed by different transport subsectors in different provinces. For instance, the additional reductions in OC emissions due to the China 6/VI standards come mostly from passenger road transport in Hainan (HI); from private LDVs in Shanghai (SH); and from road freight vehicles in other provinces. The panels for Shanghai (SH) and Shanxi (SX) in Fig. 6 also illustrate that the trajectory of reductions in pollutant species differ by province. In Shanghai, 2030 emissions of SO 2 from road vehicles roughly equal emissions of OC, while in 2007 SO 2 emissions were higher. Conversely, in Shanxi absolute emissions of these two species were roughly equal in 2007, but OC emissions are reduced less than SO 2 in 2030 by China 3/III emissions standards. Our provincially-resolved framework preserves these differences, which can affect the atmospheric chemical processes that form secondary pollutants. Fig. 10 illustrates that stringent road transport ES cause very modest additional reductions in total emissions of pollutants, even though they are very effective in reducing emissions within road transport sectors. China 6/VI emissions standards reduce road transport CO emissions by 30-70% compared to China 3/III (Fig. 10, right) . However, the reduction in total emissions of this species is generally smaller than 0.15% (Fig. 10, left , vertical ordinate), in part because less than 24% of 2007 CO emissions are attributed to transport (Kurokawa et al., 2013) ; and less to road transport.
Emissions standards & climate policy
The mild CO 2 price of Scenario B causes 9.6-48% (across species) reductions in economy-wide emissions of pollution, versus no policy (Scenario A). Tightening the CO 2 price only (Scenario D) results in 8.9-27% reduction versus established policy (Scenario B). The co-benefits of climate policy for air pollution reduction are substantial, even for the modest CO 2 price. In contrast (Fig. 10, right) , increasing the CO 2 price causes a reduction in road transport emissions of less than 7% in all but three provinces -that is, smaller than the co-benefit of climate policy across the entire economy.
Discussion
Previous research emphasizes that the marginal cost of CO 2 emissions abatement in transportation tends to be higher than in other sectors, such as electricity and industry (Kishimoto et al., 2015) . This means that responses to a given CO 2 price -efficiency improvements and fuel-switching -are smaller in transport, and the sectoral pollution co-benefit of CO 2 policy is also small. Indeed, reductions in air pollutant emissions due to CO 2 pricing in our scenarios mostly occur outside the transport sector: although increasing the CO 2 price (Scenario B?D) results in 8.9-27% additional reductions in national total emissions, road transport emissions decrease by only 2.0-7.1% across species. In contrast, the within-sector reductions due ES are measured in orders of magnitude, when comparing established policies (China 3/III) to a counterfactual future where the road vehicle fleet retained its 2007 emissions characteristics. Additional reductions due to tightening ES are similarly large as a percentage of remaining road transport emissions, yet small in absolute terms when compared to the co-benefit of economy-wide CO 2 pricing.
We conclude that transport-sector ES are an important complement to economy-wide climate policy, since they can achieve deep reductions via technology and cleaner fuel, which together greatly reduce EFs. To achieve the same transport-sector reductions purely through co-benefits of climate policy would require CO 2 prices much higher than the those modeled.
Policy implications
Taken together, this work clearly illustrates the emissions reduction benefits of completely implementing emissions standards at the China 3/III level or higher. To quantify the consequences for secondary pollutant concentrations and the burden of human health impacts on the economy requires further, ongoing, research; but our results indicate the scale of the benefit available due to the two policy levers considered.
While moving to China 6/VI standards is clearly desirable, if tightening standards on the books comes at the expense of a sustained implementation effort that brings the reality on the road in line with policy aspirations, a focus on full implementation of the existing standards is advised. Our results show that the marginal benefits of accelerating the policy timeline are modest. On the other hand, a small number of non-compliant vehicles, running on non-compliant fuels, could more than offset the modest benefits of moving a large number of sales to a more stringent standard; and indeed the work of Yue et al. (2015) ; and others indicates ongoing issues with on-the-ground enforcement of existing standards.
Lessons from Europe and elsewhere that suggest significant benefits from accelerated standard implementation do not yet apply in China. Changes that result from incremental standard tightening are large relative to total emissions in the European context, but small relative to total emissions in the Chinese context. As noted in Section 3.1 and Fig. 6 , we project that energy demand for road transport will continue to grow through 2030, both in absolute terms and as a share of total energy demand, as increases in demand for transport more than offset improvements in energy efficiency (i.e., fuel economy). Consequently, road transport's share of total CO 2 emissions will also grow. In contrast, the large reduction in air pollutant emissions factors from implementing established (China 3/III) emissions standards means that the share of road transport in total air pollutant emissions will decrease markedly; and reductions from tightening ES can only further narrow this already-small share.
Policy recommendations
Therefore, we underscore that climate policies now being discussed and piloted, specifically a price on carbon such as the one we model, can serve as an important and effective complement to the full implementation of emissions standards in the road transportation sector. The work suggests two main policy recommendations.
First, strengthen mechanisms for enforcing the newly-enacted China 4/IV emissions standards. Authorities at the highest levels should clearly direct the Standardization Administration of China and Ministry of Environmental Protection to strengthen and standardize the monitoring and enforcement system for fuel quality and vehicle tailpipe emissions. Define well in advance the timing of increasing the stringency of standards to China 6/VI levels, so that the system can adjust and prepare.
Second, continue to diligently work toward establishing a national CO 2 price with broad sectoral coverage. Although it seems likely that transportation will not be included in a national CO 2 emissions trading system, reductions in fossil energy use in other parts of the economy will deliver significant and meaningful co-benefits that will contribute to improved human health in the near to medium term.
Limitations
A key difference between the carbon and ES policies implemented in our scenarios is that the price impacts of CO 2 emissions abatement is captured in the general equilibrium framework of C-REM. In contrast, the ES policies are implemented through exogenous calculation of future road transportation EFs. In practice, implementing tighter ES will require manufacturers to install more advanced ECT on passenger vehicles and road freight vehicles sold in China. Fuel economy improvements can also reduce the amount of energy used per kilometer, and thus contribute to reducing the amount of emissions per unit of fuel consumed. Both of these compliance options impose costs on manufacturers and consumers if the resulting vehicles are more expensive than those that would be sold without the standard. Zhenying and David (2015) estimate the costs of ECTs for different levels of Euro standards, with some adjustment for the Chinese fleet, and note that the absolute costs for private, light-duty vehicles are nominal. Herein we assumed that these increases in purchase price due to more advanced ECT, when considered as an increment on the cost of transport per passenger-kilometer or ton-kilometer, are not large enough to affect vehicle purchases or vehicle use intensity.
Our scenarios have assumed that ES are fully implemented -that is, 100% of new vehicles comply with the active standard as of the sale date. If a fraction of new road vehicles (either passenger or freight) are non-compliant, their much higher EFs will increase the fleet average so long as they remain in use. Similarly, timely retirement of older vehicles is important to our results. Fig. 5 shows that~40% of vehicles in 2020 have China 4/IV, 3/III, or pre-2007 EFs; as a consequence fleet-wide emissions that year under Scenarios B, C, or E (Fig. 8 ) are much higher than in 2030 ( Fig. 7) , even though the 2030 fleets and total transport energy use are larger. If recent vehicles that do not meet future ES are preserved in the fleet longer than modeled by Akerlind (2013) , then their contribution to emissions will continue to be felt until they are scrapped.
We emphasize the importance of the need for more recent emissions inventories which capture provincial and sectoral variation in the Chinese economy. Monitoring of concentrations of secondary pollutants has increased with the level of research and policy attention on China's air quality, and the literature contains much recent information on the characteristics of transport emissions. Yet comprehensive and consistent inventories of the sources of primary pollutants have not fully incorporated these advances; and such economy-wide inventories are important to studies, like the present one, that contrast policies affecting different sectoral sources in different ways.
Finally, we do not explicitly model policies aimed at reducing CO 2 emissions or fuel consumption for light-duty vehicles (HVT in C-REM). As noted by Paltsev et al. (2016) , such policies require energy demand reduction and/or CO 2 emissions abatement efforts within the transport sector; meeting the targets affects the price of transport services and thus affects demand. In the present context, changing efficiency of road vehicles would affect the energy basis to which EFs were applied, and thus the total size of the road transport sector emissions growth or reduction. This would affect the relative scale of transport versus non-transport emissions reductions (Section 3.3), but have a smaller influence on the relative benefit of increasing stringency of ES.
Conclusions
Initial Chinese ES were based on previously established European Union regulations. Ever since, China's ES have been converging towards parity with the world's most stringent (ICCT, 2014) . Because transportation is one of several major polluting sectors, and because of the varied geographic distribution of transportation activity -and of air pollution and its health impacts -it is important to understand the contribution of transport-sector policies to improving air quality in China on a detailed, regional basis. It is also important to understand how coordination of multiple policies can lead to improved air quality in China, and whether this coordination is different from that required in other contexts.
To this end, we herein developed key components of an integrated assessment framework that projects the economic activities -including energy use in non-transport and transport sectors -giving rise to air pollution. Within this framework, we implemented two types of policies affecting emissions: road transport emissions standards, and economy-wide CO 2 pricing that gives a pollution co-benefit. Examining scenarios of no policy, established policies, and more stringent policies, we characterized the relative scale of their impacts on pollutant emissions within road transportation, and across the economy. Our results indicate that increased CO 2 pricing, and full enforcement of more stringent road transport emissions standards, play complementary roles in reducing total emissions. are grateful to the National Science Foundation of China (Grant No. 71573152) , the Ministry of Science and Technology of
